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detected	 in	 the	 samples	 were	 stable	 during	 drying	 and	 fractionation	 treatments.	
Fractionation	of	the	press	cake	powder	affected	the	total	apparent	phenolic	content	
and	 composition	 of	 the	 different	 fractions.	 The	 highest	 phenolic	 content	
(55.33	±	0.06	mg	g−1	 DW)	 and	 highest	 anthocyanin	 content	 (28.15	±	0.47	mg	g−1 





tion	was	 found	 to	 be	 a	 promising	 approach	 to	 transform	bilberry	 press	 cake	 into	
stable	and	deliverable	ingredients	that	can	be	used	for	fortification	of	food	products	
with	high	levels	of	phenolic	compounds.
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includes	 skins,	 pulp,	 seeds,	 and	 edible	 parts	 of	 stems,	 contains	
vitamins,	 fiber,	 polyphenols	 (including	 anthocyanins;	 Khanal,	
Howard,	Brownmiller,	&	Prior,	2009).	Despite	its	high	contents	of	
valuable	compounds,	press	cake	is	generally	considered	a	waste	
by-	product	 and	 is	 typically	 recycled	 as	 animal	 feed,	 composted	
or	 discarded	 due	 to	 challenges	 associated	with	 short	 shelf	 life,	
texture,	 and	 flavor	 (Rohm	 et	al.,	 2015).	 Bilberries	 (Vaccinium 
myrtillus	 L.)	 are	 a	 rich	 natural	 source	 of	 flavonoids,	 especially	
anthocyanins,	 which	 are	 concentrated	 to	 a	 greater	 extent	 in	
the	 fruit	peel	 (20	mg/g)	 than	 in	 the	 fruit	pulp	 (1	mg/g;	Riihinen,	
Jaakola,	Kärenlampi,	&	Hohtola,	2008).	Therefore,	bilberry	press	
cakes	 represent	 an	 important	 and	 attractive	 source	of	 phenolic	
compounds	for	use	in	food	products.

















reduced	 processing	 time,	 compared	 to	 conventional	 techniques,	
which	could	provide	beneficial	effects	on	quality	and	economical	as-
pects.	Microwave	heating	results	in	internal	heating	of	the	product,	
creating	a	pressure-	driven	 flow	that	mobilizes	 the	moisture	 to	 the	
surface	of	the	product,	thereby	minimizing	structural	changes	in	the	
product	(Chou	&	Chua,	2001;	Datta,	2001).
Berries	 are	 known	 to	 be	 rich	 in	 phenolic	 compounds,	 such	 as	
anthocyanins,	 hydroxybenzoic	 acid,	 ellagitannins,	 and	 flavonols	
(Määttä,	 Kamal-	Eldin,	 &	 Törrönen,	 2003).	 Interventional	 and	 ep-
idemiological	 studies	have	 shown	 that	 intake	of	 anthocyanins	 and	
berry	fruits	improves	insulin	sensitivity	and	reduces	the	risk	of	type	
2	diabetes	(Guo,	Yang,	Tan,	Jiang,	&	Li,	2016;	Stull,	Cash,	Johnson,	
Champagne,	&	Cefalu,	 2010).	 In	 addition,	 the	 efficacies	 of	 the	 bi-
ological	 activities	 seem	 to	 be	 related	 to	 structural	 differences	 of	
the	anthocyanins.	 In	particular,	the	primary	anthocyanidins,	delph-
inidins	 and	malvidins,	 have	 been	 reported	 to	 improve	 the	 profiles	






temperature	 rises,	 the	 stability	 of	 anthocyanins	 decreases,	mainly	
due	 molecular	 ring	 ruptures	 or	 polymerization	 (Nayak,	 Berrios,	
Powers,	&	Tang,	2011;	Weber	&	Larsen,	2017).	However,	depending	











ties,	 for	 example,	 the	 dispersibility	 of	 the	 powder	 in	 liquid-	based	
foods	(Camire,	Dougherty,	&	Briggs,	2007;	Da	Costa,	Felipe,	Maia,	
Hernandez,	&	Brasil,	2009;	Park,	Imm,	&	Ku,	2001).	Therefore,	the	

















Aldrich	 Chemical	 Co.	 (St.	 Louis,	MO,	 USA),	 gallic	 acid	 from	 Fluka	
Biochemika	 (Stockholm,	 Sweden),	 hydrochloric	 acid	 from	 Acros	
Organics	 (Germany),	 and	 formic	 acid	 from	 Scharlau	 (Barcelona,	
Spain).
Anthocyanin	 standards	 cyanin	 chloride,	 malvin	 chloride,	
malvidin-	3-	O-	glucoside	chloride,	peonidin	chloride,	petunidin-	3-	O-	
glucose	chloride,	cyanidin-	3-	O-	glucoside	chloride,	malvidin	chloride,	
cyanidin	 chloride,	 delphinidin	 chloride,	 cyanidin-	3-	O-	arabinoside	
chloride,	 delphinidin-	3-	O-	galactoside	 chloride,	 and	 peonidin-	3-	O-	
glucoside	 chloride	were	 all	 purchased	 from	Extrasynthese	 (Genay,	
France).
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2.2 | Bilberry raw material and press 
cake production
Bilberries	 (V. myrtillus	 L.)	 were	 supplied	 by	 Olle	 Svensson	 AB	





of	 200	kg/cm.	 The	 bilberries	 (0.9	kg)	 were	 thawed	 in	 darkness	
at	6°C	for	16	hr	before	pressing.	The	berries	were	cold-	pressed	
without	 enzymatic	 treatment,	 resulting	 in	 a	 press	 cake	 with	











was	 stored	 in	 sealed	 polyamide/polyethylene	 plastic	 pouches	 and	
protected	from	light	at	−40°C	until	milling.	MWD	was	performed	ac-
cording	to	the	procedure	described	by	Kerbstadt,	Eliasson,	Mustafa,	







was	 recorded	 using	 four	 fiber-	optic	 temperature	 probes	 (Neoptix	
Inc,	 Québec,	 Canada).	 During	 the	 drying	 process,	 the	 microwave	
output	 power	 was	 regulated	 in	 four	 different	 steps:	 (a)	 maximum	
1,000	W	for	1	min	to	quickly	reach	the	treatment	temperature,	(b)	







The	 dried	 bilberry	 press	 cake	 (75	g)	 was	milled	 in	 a	 knife	 mill	










A	 vibratory	 sieve	 shaker	 (Analysette	 3;	 FRITSCH	 GmbH,	 Ida-	
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In	this	study,	dispersibility	was	defined	as	the	weight	of	powder	
that	remained	suspended	 in	the	 liquid	phase	after	mixing	 it	with	a	
liquid	and	allowing	a	subsequent	resting	time.
The	dispersibility	of	the	bilberry	powders	was	studied	in	water	






was	 left	 to	stand	 for	12.5	min	 to	allow	the	suspended	particles	 to	
settle,	 after	 which	 7	g	 of	 the	 supernatant	 was	 carefully	 pipetted	
into	a	Petri	dish.	The	Petri	dishes	with	supernatants	were	placed	in	
a	vacuum	oven	(Fistreem	International	Ltd.,	Loughborough,	United	
Kingdom)	 at	 80°C	 and	 900	mbar	 and	 dried	 until	 constant	weight.	
Samples	 (duplicate)	 of	 dairy	 cream	without	 powder	 addition	were	
dried	 in	 the	 same	way,	 to	permit	 subtraction	of	 the	weight	of	 the	
cream	components,	thus	allowing	the	determination	of	the	percent-














as	 gallic	 acid	 equivalent	 (GAE)	 per	 g	 of	 dry	 weight	 (mg	 GAE	g−1 
DW).
2.8 | Extraction of anthocyanins
Freeze-	dried	 bilberry	 powder	 and	 samples	 from	 the	 dispersibility	















by	 Jing	 and	Giusti	 (2005)	was	used.	The	 initial	 extraction	 steps	
were	 similar	 to	 those	 in	 the	 method	 described	 above	 but	 with	




tube	 with	 a	 screw	 cap.	 After	 the	 addition	 of	 3	ml	 of	 ultrapure	







The	 high-	performance	 liquid	 chromatography	 (HPLC)	 system	
consisted	 of	 a	 quaternary	 gradient	 pump	 (Jasco	 PU-	2089	 Plus;	
Jasco	Inc.,	Easton,	MD,	USA),	a	cooled	(8°C)	autosampler	(Jasco	
AS-	2057	Plus),	and	a	UV	detector	operating	at	520	nm	(Shimadzu	
SPD-	10A	 UV-	Vis	 detector;	 Shimadzu	 Corp.,	 Kyoto,	 Japan).	 A	
Jasco	 ChromNAv	 software	 was	 used	 to	 control	 the	 HPLC	 sys-
tem	 and	 for	 data	 processing.	 Separation	 of	 the	 individual	 an-
thocyanins	was	 achieved	with	 a	 Phenomenex	 Luna	 C18	 column	
(150	×	3.0	mm,	3-	μm)	at	40°C,	with	5%	aqueous	 formic	acid	 (A)	
and	methanol	 (B)	 as	 eluents.	A	 linear	 gradient	was	 applied	 at	 a	
flow	rate	of	0.5	ml/min	with	an	increase	from	13%	to	25%	of	elu-
ent	B	over	25	min,	 followed	by	 an	 increase	 to	50%	of	 eluent	B	
over	2	min,	and	isocratic	elution	at	50%	with	eluent	B	for	5	min.	
The	column	was	reconditioned	(13%	eluent	B)	for	5	min	prior	to	




Ollilainen,	 &	 Heinonen,	 2003;	 Lätti,	 Riihinen,	 &	 Kainulainen,	
2008).	 For	 quantification	 of	 the	 identified	 compounds,	 a	 five-	
point	 external	 standard	 calibration	 curve	was	 prepared	 by	 dis-
solving	 the	 anthocyanin	 standards	 in	 aqueous	 methanol	 (50%	
v/v).	The	linearity	of	the	standard	curve	was	found	to	be	accept-
able	 (R2	>	0.998).	 Internal	 standards	 were	 prepared	 by	 spiking	






ples.	 Statistical	 significance	 was	 defined	 as	 p	<	0.05.	 Statistical	
analyses	were	performed	using	the	IBM®	SPSS®	Statistics	ver.	24	
software.
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3  | RESULTS AND DISCUSSION
The	 press	 cake	was	 dried	 to	 constant	weight,	 corresponding	 to	 a	
water	activity	of	about	0.5,	and	a	moisture	content	of	8%	(Table	1).	
The	drying	time	was	slightly	reduced	(7%)	by	applying	MWD	instead	
of	HAD	 (7	 vs.	 7.5	hr).	 It	was	expected	 that	 the	drying	with	MWD	
would	 be	 more	 efficient	 than	 HAD	 and	 the	 difference	 in	 drying	
time	 longer.	 In	 a	 previous	 study,	 applying	MWD	 and	HAD	 to	 ob-
tain	bilberry	press	cake	with	a	moisture	content	of	17%,	MWD	was	
reported	 to	 reduce	 the	 drying	 time	 by	 40%,	 compared	with	HAD	
(Höglund	et	al.,	 2018).	A	possible	explanation	 for	 the	different	 re-
sults	can	be	that	the	powders	in	the	present	study	were	dried	to	a	
lower	moisture	 content	 (about	 8%),	 and	 since	microwaves	 primar-





aration	 into	 the	 three	 fractions	of	 finely	milled	powder	 (<500	μm);	
seed	fraction	(500–710	μm);	and	peel	fraction	(>710	μm).	No	differ-
ence	 in	 particle	 size	 distribution	was	 observed	 between	 the	HAD	
and	the	MWD	dried	press	cake	samples	(Figure	2).
Due	to	the	similar	levels	of	anthocyanins	found	in	the	HAD	and	







powders in water and dairy cream
As	 shown	 in	 Figure	3,	 the	 dispersibility	 profiles	 of	 the	MWD	 and	
HAD	 dried	 whole	 bilberry	 powders	 showed	 similar	 behaviors.	
Separation	of	the	HAD	into	fractions	with	different	particle	size	af-
fected	the	dispersibility	characteristics	of	the	fractionated	powders.
The	 dispersibility	 of	 the	 intermediate	 fraction	 (500–710	μm)	 in	
water	was	lower	than	the	larger	and	the	smaller	fractions,	probably	due	
to	the	high	content	of	seeds	in	this	fraction,	which	sank	to	the	bottom	
and	was	not	well	dispersed.	 In	cream,	however,	 the	structure	of	 the	




MWD,	whole	powder 8.4	±	0.14 7 0.52	±	0.006
HAD,	whole	powder 8.4	±	0.18 7.5 0.52	±	0.003
HAD	<	500	μm 8.0	±	0.19 7.5 0.47	±	0.001
HAD	500–710	μm 7.3	±	0.18 7.5 0.49	±	0.004
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cream	matrix	supported	the	dispersion	of	the	seeds.	Similar	behaviors	
were	noted	for	the	 large	and	small	fractions	when	comparing	cream	
and	water.	 In	 cream,	a	 trend	of	higher	dispersibility	with	decreasing	
particle	size	was	observed,	although	differences	were	not	significant.




phenolic and anthocyanin content



















dissolved in water and cream
Although	the	lowest	TPC	was	obtained	for	the	intermediate	size	frac-
tion	 (500–710	μm;	 Table	2),	 the	 phenolics	 dispersed	well	 in	water,	






was	probably	enriched	 in	phenolics.	This	 is	 in	agreement	with	 the	
results	obtained	for	the	dispersibility	in	cream,	with	the	lowest	TPC	
being	 seen	 for	 the	 intermediate	 fraction	 (Table	3).	 In	 contrast	 to	
the	values	obtained	for	water	dispersibility,	the	dispersibility	of	the	
intermediate	 powder	 fraction	was	 high	 in	 cream	 (Figure	3),	 which	
might	 be	 due	 to	 that	 the	 cream	matrix	 prevented	 the	 seeds	 from	
sinking	to	the	bottom.	Since	anthocyanins	are	concentrated	 in	the	
peel	 of	 bilberries	 (Burdulis	 et	al.,	 2009;	 Riihinen	 et	al.,	 2008),	 the	
presence	of	more	seeds	did	not	enhance	the	apparent	total	phenolic	
for	this	sample.	The	higher	TPC	detected	in	the	sample	dispersed	in	





ticles	 of	 the	microwave-	dried	 powder	 having	 different	 structures	
than	HAD	particles,	which	may	have	promoted	the	release	of	poly-
phenols	 in	 the	cream.	The	highest	TPC	 in	cream	was	observed	 in	
the	fraction	with	the	smallest	particle	size	(<500	μm),	while	the	two	
fractions	with	larger	particle	sizes	had	significantly	lower	contents	
of	phenolic	 compounds.	The	 lower	TPCs	of	 the	 intermediate	 size	
fractions	(500–710	μm)	are	likely	related	to	their	higher	proportions	













of	 14	 peaks	were	 identified	 (Figure	4),	 using	 standard	 compounds	
and	data	 from	 the	 literature	 (Chandra,	Rana,	&	Li,	2001;	 Jin	et	al.,	
2016;	 Skrede,	 Wrolstad,	 &	 Durst,	 2000).	 The	 quantification	 of	
malvidin-	3-	O-	glucoside,	delphinidin-	3-	O-	galactoside,	cyanidin-	3-	O-	
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In	Figure	5,	the	total	contents	of	the	five	most	abundant	antho-
cyanins	 in	 the	HAD,	MWD,	 and	 fractionated	 powders	 are	 shown.	
All	 the	 bilberry	 powders	 showed	 a	 similar	 anthocyanin	 profile.	
The	 most	 abundant	 anthocyanin	 was	 delphinidin-	3-	O-	galactoside	
(7.50	±	0.18	mg	g−1	DW	for	untreated	press	cake),	which	is	in	agree-
ment	 with	 previous	 studies	 reporting	 that	 delphinidin	 glycosides	
are	 among	 the	 most	 common	 anthocyanins	 in	 bilberries	 (Zoratti,	
Jaakola,	 Häggman,	 &	 Giongo,	 2015).	 The	 different	 drying	 meth-














anthocyanins	 found	 in	 the	HAD	press	 cake	 fraction	with	 smallest	
particle	size	to	the	intermediate	fraction	was	1.8	(Figure	5).
After	dispersion	of	 these	 samples	 in	 cream,	 the	corresponding	
ratio	was	 4	 (Figure	6).	 It	 is	 possible	 that	 the	 combination	 of	 small	
particle	size	and	the	cream	matrix	promoted	 interactions	between	





and	 cyanidin-	3-	O-	glucoside)	 were	 similar	 in	 the	 intermediate	 par-




Before	 dispersion	 in	 cream,	 the	 anthocyanin	 content	 of	 the	
large	particle	size	fraction	(>710	μm)	was	similar	to	that	of	the	whole	
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